The production of liquid fuel products via electrochemical reduction of CO2 is a potential path to produce sustainable fuels. However, to be practical, a separation strategy is required to isolate the fuel-containing electrolyte produced at the cathode from the anode and also prevent the oxidation products (i.e. O2) from reaching the cathode. Ion-conducting membranes have been applied in CO2 reduction reactors to achieve this separation, but they represent an efficiency loss and can be permeable to some product species. An alternative membraneless approach is developed here to maintain product separation through the use of a laminar flow cell. Computational modelling shows that near-unity separation efficiencies are possible at current densities achievable now with metal cathodes via optimization of the spacing between the electrodes and the electrolyte flow rate.
Introduction
The increasing rate of anthropogenic CO2 emission into the Earth's atmosphere and the resulting climate change effects [1] have sparked considerable interest in developing renewable energy sources that do not further disrupt the carbon cycle [2] [3] [4] [5] . The direct generation of chemical fuels from sunlight, known as "artificial photosynthesis," is one such approach [6] [7] [8] [9] .
Photoelectrochemical (PEC) production of hydrogen via water splitting has been extensively investigated [10] [11] [12] using a number of device geometries [13] . Solar to hydrogen conversion efficiencies of up to 15% (and up to 30% with solar concentration) have been reported [14] [15] [16] [17] , although the overall cost and durability of such systems remain a concern [18] [19] [20] [21] [22] [23] .
It is conceptually very attractive to produce carbon-based fuels directly from sunlight, CO2, and water, analogous to natural photosynthesis. Such a system could conceivably lead to a closed carbon cycle and arrest the current trend of climate change [24] . Realizing such a system entails a number of challenges [25] [26] [27] , including the development of electrocatalysts which can selectively produce desired fuel chemicals such as methanol and ethanol [28] [29] [30] [31] [32] . The system and catalyst deficiencies have resulted in demonstrated free energy conversion efficiencies for solardriven CO2 reduction devices lower than that for water splitting, with the highest reports in the range of 5-10% [33] [34] [35] . Moreover, with only a few exceptions [36] , these types of solar-driven devices produce either CO or formate (HCOO -), both of which would require further processing to be usable as a fuel, further reducing the overall energy conversion efficiency of the system [37] .
In contrast to some solar to hydrogen demonstrations [38, 39] , collection of a usable fuel product in either a PEC or EC CO2 reduction system has not been convincingly demonstrated.
Product separation is a key delineating factor. For solar water splitting the product H2 is not soluble in the electrolyte and thus can be collected as it outgasses. To keep this H2 stream pure, a number of systems have used a proton conducting membrane between the cathode and anode chambers to prevent gas crossover from the anode [40] . The situation with EC or PEC CO2 reduction is considerably more challenging. Insoluble gas products produced, such as CO, CH4, and C2H4, will outgas similar to H2, but will be entrained with the CO2 used to feed the cell. Moreover, the liquid products produced, such as formate and ethanol, are soluble in the aqueous electrolyte.
Similar to the water splitting system, a membrane can be employed to separate the products made at the cathode from the anode [41] [42] [43] . This is especially important to prevent the soluble products from crossing over to the anode where they can be re-oxidized, in most cases more easily than water. However, the cation and anion-conducting membranes typically used in research cells can allow some of these liquid products to permeate [41] [42] [43] , so they do not represent an ideal solution.
The product separation requirement in EC CO2 reduction systems is analogous with the requirement for reactant and oxidant separation in fuel cells. Ion-selective membranes are commonly used for this purpose; however, performance limitations can arise due to water management, reactant crossover, and membrane degradation [44] . For this reason, there has been considerable research on developing fuel cell designs that maintain reactant and oxidant separation without the use of a membrane. In particular, the use of co-laminar flow [45, 46] , often in a microfluidic geometry [47] , has been explored by a number of research groups. Kjeang et al.
provide a recent review of work in this area [48] .
There has been some work in adapting concepts from membraneless fuel cells to EC CO2
reduction. Kenis and co-workers [49] [50] [51] [52] have used a laminar flow channel in combination with a gas-diffusion electrode in their studies of high current density CO2 reduction. While in their earlier reports product separation was not specifically addressed, in their most recent work an anion conducting membrane is used to prevent product crossover [52] . In this work, we examine the feasibility of using a co-laminar flow geometry to affect efficient separation of liquid product streams in aqueous electrochemical CO2 reduction. Formate (HCOO -) was used as the model liquid product as selective catalysts (e.g. Sn, In) are available for its production [53] . Also, in the 2 electron electrochemical reduction of CO2 to HCOO -in water no known stable intermediates have either been proposed or experimentally observed [32, [54] [55] [56] ; modeling of reactions with intermediates which could desorb from the cathode would require a more sophisticated model.
Modeling of the design geometry was used to identify the key factors influencing the efficiency of product separation. Finally, prototype devices were fabricated with 3-D printing and the product separation efficiency for CO2 reduction to formate on Sn electrodes was measured experimentally for a number of cell geometries and electrolyte flow rates. In general, the observed product distribution was lower than that predicted by the model, although separation efficiencies up to 90%
were experimentally achieved.
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Methodology
Design overview
A top-view schematic of the co-laminar flow reactor used in this work is shown in Fig. 1 . It is conceptually similar to the laminar flow fuel cell investigated by Chang et al. [57] although the direction of the fluid flow is reversed. CO2-saturated water enters the cell at the bottom and flows past the cathode and anode, which produce formate ions and O2, respectively, via reactions (1) and (3). The conditions for CO2 reduction at the cathode also make reaction (2), hydrogen evolution, possible as a parasitic loss. At the end of the reaction channel there is a Y-split. Provided the reduced product does not diffuse across the midline of the device, and laminar flow is maintained, the formate ion product exits through the cathode channel. Product that diffuses across the midline exits through the anode channel and would represent a separation efficiency loss. Figure 1 . Cross section view of the Y-channel geometry of the laminar CO2 reduction flow cell. CO2 saturated water enters at the bottom of the device at flow rate Q. Liquid products are generated at the cathode and O2 is generated at the anode via water oxidation. The Y-split at top of the figure divides the flow into two channels; reduced products are concentrated in the left-hand (cathode) channel. The analysis developed by Goulet et al. for a similar co-laminar fuel cell was used as a starting point for the design [58] . The channel height H was fixed uniformly at 5 mm for all simulations;
due to the symmetry of the system, this variable would not be expected to influence the design considerably. A first design constraint is a sufficiently low Reynolds number (Re < 1000) to ensure fully laminar flow in all regions of the channel. This places an upper limit on the fluid velocity U which can be used:
For channel widths W in the range of 5-20 mm, this constrains U to less than 0.18 m s -1 for a 5 mm channel and 0.045 m s -1 for a 20 mm channel (for the 5 mm channel height assumed here these limits correspond to a flow rate of 270 ml min -1 , which is significantly higher than the range experimentally employed). The second constraint is that the residence time tres in the productforming portion of the channel be less than the diffusion time for crossover of a reduced species to the opposite electrode tdiff, as described in Eqn. (4) [59]:
Equation (4) can be used to form a dimensionless relation that balances the convective and diffusive transport terms relevant for laminar flow systems (Eqn. 5). This relation was used to define a set of cell dimensions for which the crossover of reacting species is minimized.
As an example, Equation (5) yields 785 for a channel width W = 15 mm and a flow rate of 3 cm 3 min -1 . We note that while it would have been desirable to set LC, the connector section of the channel before the Y-split with no flux of formate from the cathode, to zero, it was not possible to fabricate a functional cell in this manner.
The separation efficiency, i.e. the proportion of reduced product exiting the left-hand channel versus the right-hand channel, was used as the figure of merit.
Separation efficiency = 100% * ( + )
This value approaches 100% for efficient separation and is 50% for inefficient (i.e. no) product separation. For comparison to experimental measurements, the selectivity and activity of the cathode materials and the detection limits of the product analysis tool should be considered. As discussed in the Supplementary Information (SI), the detection limit for formate for the high performance liquid chromatogram (HPLC) was on the order of 0.1 mM. The average concentration in the channel, assuming 100% faradaic efficiency (FE), is
where F is Faraday's constant. As an example, for a current density of 5 mA cm -2 at the cathode and an electrode length of 50 mm, the predicted average formate concentration for Q = 10 ml min -1 is 0.4 mM. While this is higher than the detection limit, we found that the fact that the actual FE was less than 100% (see below) and the noise floor on the formate determination in the right hand (anode) channel limited the accuracy of the separation measurement at high flow rates.
System Modelling
The laminar flow physics model in COMSOL was used to model the bulk flow of CO2 saturated H2O. The system was assumed to be in steady state with an incompressible fluid flowing at a set inlet flowrate. The system was modeled in two dimensions as it was assumed that the channel height, being similar to the widths considered, was sufficient for fully developed flow in the channel. A no-slip condition was assumed along the channel walls and an open boundary 7 condition was assumed at the outlet ports. The domain material was assumed to have the same properties as deionized water, and chemical reactions occurring in the channel were assumed to have negligible effects on the fluid dynamic properties of the system. Once implemented, this part of the calculation produced a vector field for the fluid velocity across the entire sample volume (Fig. S1 ). As expected, the flow was laminar and the velocity profile reached its fully developed form within a few mm of the inlet (Fig. S1b) . This allowed simpler versions of the model to be used for some of the calculations.
The transport of dilute species package in COMSOL was used to model consumption of CO2
at the cathode via reaction (1) . The solution at the inlet was CO2-saturated 0.1 M KCO3 buffer, pH 6.8 [60] . The inlet (bulk) concentration of HCOO -was assumed to be zero. A fixed current density of 5 mA cm -2 was assumed for the cathode producing 100% FE to formate, using a channel height of 5 mm. This value was chosen as Sn has been reported to have a high faradaic efficiency for formate at this current density [53] . In initial studies, the homogeneous reactions of CO2 with
, and OH -/H + (7) were also modeled using diffusion coefficients and rate constants from Gattrell and co-workers [61] :
However, we found that the incorporation of the bicarbonate buffer equilibrium system into the model, while dramatically increasing the time needed to perform the calculation, did not significantly affect the results. As such, a simpler model was implemented which considered only the consumption of the CO2 reaction and the production of HCOO - [56] , both of which were subject to convection and diffusion in the channel.
Formate production at the cathode, reaction (1) , is in competition with H2 evolution, reaction (2) . The surface concentration of CO2 at the cathode should not become too low; otherwise H2 evolution will be favored and the FE for formate production will decline. We estimated the minimum concentration required to maintain a dominant rate of reaction (1) by calculating the CO2 profile for a flat electrode in a stirred reactor with a 100 m boundary layer, which corresponds to the conditions used in 3-electrode measurements. This analysis led to an estimate of 10 mM, which can be compared to the bulk concentration of CO2 in water saturated at 1 atm, 33.4 mM. We then used the model for the reactor to determine minimum flow rates necessary to maintain the surface CO2 concentration at or above the minimum value. Fig 2(a) shows a typical CO2 concentration contour plot for a flow rate Q = 10 ml min -1 and W = 15 mm, and Fig 2(b) shows the CO2 concentration as a function of distance into the reactor at the cathode surface, 100
m from the cathode, and at the midline of the reactor. The depletion in CO2 concentration down the length of the reactor, and the increase in surface CO2 concentration after transit past the end of the reaction zone can been seen. Figure 2(c) shows the minimum CO2 surface concentration rate as a function of flow rate for a range of channel widths. With the parameters needed to maintain the CO2 supply established, the separation efficiency can be modelled. The product flow in the device was evaluated from the molar flux, which is the product of the velocity and the formate concentration. This value, integrated across the dimensions of the outlets, was used to calculate the separation efficiency, Eqn. (6) . Two extreme cases of product separation are shown in Fig 3. In Fig. 3(a) , efficient (>99 %) separation efficiency is predicted with a relatively wide channel (10 mm) and fast flow (5 ml min -1 ). In contrast, Fig. 3(b) depicts a situation with poorer separation (91%) from a simulation with a narrow channel (2 mm) and slow flow (1 ml min -1 ). The simulation was used to calculate the dependence of the product separation efficiency on the design parameters most relevant to the fabrication and operation of a prototype cell: electrode length LE, the connector length LC, the channel width W, and the inlet flow rate Q. Selected results from this analysis are shown graphically in Fig. 4 . As expected, it was found that increases in channel width or flow rate increased the product separation efficiency. 
Prototype Cell Fabrication and Operation
Based on the modeling and simulation, three prototypes with width W = 5, 10, and 15 mm with a fixed electrode length LE = 50 mm were constructed by 3D printing using a Stratasys printer with Fullcure 720 translucent polymer printing material. Figure 5 shows a CAD schematic of the design. The high purity Sn foil cathode and Pt foil counterelectrode were clamped to the device with the seal provided by a silicone gasket. The surface finish provided by the 3D printer was an important experimental parameter and some additional machining of the surfaces was required to obtain a water-tight seal. Figure 5 . CAD schematic of a laminar flow reactor prototype with W = 5 mm showing one half of the stack. A metal foil catalyst (teal) was aligned with an opening in the channel, then sealed using a silicone gasket (blue) and compressed with a rigid plastic endplate (purple). A symmetric assembly was implemented for the reverse side of the device (not shown)
Cell operation procedure
A 0.05M K2CO3 (99.997% Alfa Aesar) solution was presaturated with CO2 to produce 0.1 M KHCO3 electrolyte solution (pH 6.8). A syringe pump was used to flow this solution through the channel at a controlled inlet flow rate. Precisely even flow from the two outlet channels was difficult to achieve experimentally as the surface tension of water, combined with the low flow rates needed for laminar flow, prevented the formation of uninterrupted liquid streams from the outlets. An absorbent wicking material was used to counteract the effect of water surface tension such that the force of gravity on the fluid was the dominant factor for droplet formation. This produced a more even flow from the two outlet channels.
A potentiostat (Interface 1000 Gamry) was connected to the foil electrodes to provide a constant current density for the duration of the product generation process. In this 2-elecrode configuration, the applied voltage was typically between 3.8 and 4.5 V. Throughout an experimental run, a steady flow of electrolyte solution was passed through the device. Prior to sample collection, a time span of one and a half residence times was allowed to pass with no current being applied to the system. This served as a purge between testing cycles to flush the channel of residual product from previous trials. After this period, a blank sample was collected for as reference for the HPLC product analysis. Once blank collection was complete, the current was initiated and another 1.5 residence times were allowed to pass before sample collection. Liquid samples were collected from both outlet channels in pre-weighed vials. Only samples with 50 ± 5% flow to each channel were analyzed for formate content, with 3-5 samples analyzed per test setup (channel width, inlet flow rate). The procedure for sensitive measurement of the formate products is described in the SI.
Results and Discussion
The three cells with W = 5, 10, and 15 mm were tested at flow rates between 1 and 20 ml min -1 ; for a given W, flow rates both above and below the minimum suggested by the dashed line in Fig. 2 were used. The overall FE (both channels) is shown as a function of flow rate in Fig. 6 .
From a more classical 3-electrode measurement in a membrane-separated cell (see SI), the Sn electrode was found to have a 70% FE to formate at the same current density used in the flow cells.
This value is in acceptable agreement with the data in Separation efficiency is shown as a function of flow rate for W = 5, 10, and 15 mm in Figure   7 . For W = 10 and 15 mm at low flow rates, the data follows the predicted trend of increasing separation efficiency with increasing flow rate. The maximum value, 90% is found with W = 15 mm and a flow rate of 3 ml min -1 . However, the separation efficiency deceases at higher flow rates. For the narrowest channel, W = 5 mm, the separation efficiency monotonically decreases with flow rate. We considered a number of factors which would cause the separation efficiency to decline at higher flow rates. While there is greater uncertainty in the measurements at high flow rates due to the lower concentration of the product, the measured values were all at least 10x our detection limit of 1 M (see SI for calibration procedure). It is possible that the fluid flow is not laminar but has a turbulent component due to the rough surface finish of the 3D printing material This is plausible; however, much of the channel surface is actually the smooth surface of the working and counter electrodes, which would not be expected to yield turbulence at the low Reynolds numbers employed. Bubble formation from hydrogen and oxygen (at the anode) is another possibility.
These could lead to turbulence, which would cause additional mixing not considered in the laminar flow model. Faster flow rates could be more likely to develop into turbulent flow when disturbed by bubbles.
Conclusions
A one-pass laminar flow reactor for reducing CO2 to liquid products was designed. Over a wide range of channel dimensions and electrolyte flow rates, efficient separation of the product stream should be possible assuming the current densities typically achieved with metal cathodes.
Prototype reactors were constructed with 3D printing, and their product separation efficiency was evaluated. In general, the experimental separation efficiency was lower than the computationally predicted values and ranged from 52% to 95%, with a maximum found for a 15 mm wide channel and an electrolyte flow rate of 3 ml min -1 .
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